The aim of the present study was to evaluate how ovulation rate and survival rate through pregnancy had been affected by more than 110 generations of upwards selection on litter size in mice. The mean number of pups born alive was 22 in the high line (selected line) and 11 in the control line (an increase in 2.6 standard deviations). Selection on litter size increased ovulation rate by 4.6 standard deviations, and it is suggested that selection also increased embryonic mortality in late pregnancy. Embryo survival from ovulation until birth was 66% in the selected line and 69% in the control line, and the observed loss in litter size from day 16 of pregnancy until birth was possibly higher in the high line compared with the control line. Selection for higher litter size has significantly increased body weight in both males and females, as the mean weight at mating for the females was 46 g in the high line and 33 g in the control line respectively.
Introduction
Litter size is the result of numerous component traits expressed both in the embryo and in the dam. Ovulation rate sets an upper limit for litter size, but an increase in the number of released ova will not necessarily lead to an increase in litter size. Different factors affecting embryonic mortality have been summarised by Bennett and Leymaster (1989) and include genetic lethal genes, chromosome abnormalities and limited uterus capacity.
The effect of selection for litter size in mice on ovulation rate and embryonic mortality during pregnancy has been reported previously (Joakimsen & Baker 1977 , Bakker et al. 1978 , Durrant et al. 1980 , Pomp et al. 1988 , Clutter et al. 1994 , Ribeiro et al. 1996 , Johnson et al. 1999 . These studies revealed that selection for litter size lead to an increase in ovulation rate, and a subsequent reduction in embryonic mortality. However, few results from long-term experiments have been reported.
Based on the information available from short-term experiments, this study was intended to provide new information on how long-term selection for litter size has affected important components of the trait, such as ovulation rate and embryonic survival.
Materials and Methods

Animals
Based on a two-way cross of the outbred strains (L. A. C. Grey and C. F. W.) imported from Britain, three mouse lines were established in the mouse laboratory at the Agricultural University of Norway in 1972 (Joakimsen & Baker 1977) . One line was selected for high litter size, one line was selected for low litter size, and one line was maintained without selection (control). The selection criterion in both the high line and the low line was first parity litter size. Litter size was standardised, when larger than 8, to 8 pups per litter. The selection method was family selection, with on average two females and two males selected from the top 50 percent of the litters in the selection lines, and random selection in the control line. The selected parents were mated at random, but mating of full sibs, half sibs and cousins was avoided. The lines have undergone different selection strategies over time. Presently, only one high line and the original control line are maintained. The high line has undergone two periods of randomisation and merging of sub lines, including the introduction of a Dutch line in generation 22 (Vangen 1999) . The population size varied between 40 and 100 litters/generation during these 110 generations of selection. The control line was maintained with the same structure during all generations. This study thus provides data from mice selected on litter size at birth for 110 generations, with a mean litter size in the selected line of 23 and a mean litter size of 12 in the control line (averaged over generations 110-112). For further details on the lines see Joakimsen and Baker (1977) and Vangen (1993 and 1999) .
This study comprises mice from generations 110-112 of the two lines. A total of 55 females and 55 males from the high line and the control line were randomly sampled from each of the three generations. The practised breeding structure in each of the two lines was 40 breeding females per generation, but in order to accommodate this study with no reduction in selection intensities, the number of mice mated was increased to 55 males and 55 females per line in each of these generations (95 breeding females per line in total). Due to the timing of the experiment, mating age differed in the three generations studied. In generation 110, animals were on average 10 weeks old when mated. In generations 111 and 112 they were on average 8.5 and 10.5 weeks old respectively.
The mice were kept in cages of 30 £ 12.5 £ 12.5 cm 3 filled at the base with sawdust and had free access to pellet concentrate and water. Lights were on/off for 16/8 h, and the ambient temperature was standardised to 23 8C.
Methods
The male was introduced to the female at the mating ages defined above. Dams from each line were checked for conception by visual inspection for a copulatory plug twice a day. The males were removed from the cage when the copulatory plug was found. Dams that did not show signs of mating after the two weeks mating period were excluded from the experiment. In the high line, 9% of the animals were excluded; in the control line, 12% of the animals were excluded. After detection of a copulatory plug, a dam was randomly chosen to be autopsied either 3.5, 8 or 16 days later. The mice were killed by the use of CO 2 . At day 3.5 each side of the uterus was flushed with 7 ml phosphate buffered saline (PBS), and the number of fertilised and unfertilised ova were counted. At day 8, both the number of implanted embryos and the number of corpora lutea were recorded. At day 16, the number of implantation sites, number of normal fetuses, and the number of corpora lutea were recorded. The number of corpora lutea at days 8 and 16 gave an estimate of the number of ova shed at ovulation. An equal probability of recovering fertilised and unfertilised ova was assumed. Females that were found to be empty or non pregnant at autopsy were not included in the analysis. In addition to the seven traits described above that were measured directly, records on the number of pups at birth, both alive and stillborn, including number of males and females, were available from the regular recording scheme in each line on all born litters of the contemporary females produced to maintain the lines in each generation.
In generation 112, all females included in the study were weighed at mating. In generations 111 and 112, 50 males from each line had their body weight and testes weight recorded. Measurements were taken after the mating period of 2 weeks. Mean age of the males was 10.5 and 12.5 weeks in generations 111 and 112 respectively. Connective tissue and the epididymis were excluded before the testes were weighed.
Statistical analyses
The reproductive traits were analysed using a general linear model (SAS 1999) . Since recordings over three generations were needed in order to increase the number of observations, a model to test the possible differences between the lines adjusted for generation number, age at mating and a generation * age interaction was fitted. Age at mating and the generation * age interaction had no significant effect on the traits analysed, and were excluded from the model. The model used for the analysis was then:
For animals with observations on body weight (BW), the following model was fitted:
Age was found to be non-significant and was excluded from the model. All the female weights were recorded in generation 112, so the effect of generation on female BW could not be estimated.
Both male and female reproductive traits were adjusted for body weight in order to find any differences between lines after adjusting for body weight. The following model was used:
Reproductive trait ¼ mþlineþBWþgenerationþ error (model 3).
Phenotypic correlations between the reproductive traits and body weights were estimated as the correlation between the residuals from model 1 and model 2. Hence, phenotypic correlations between the reproductive traits and body weights after adjusting all traits for the effect of line and generation were estimated. Table 1 gives the effect of line adjusted for generation number on the different reproductive traits. No significant differences were found between the left and right uterine horn, so the data are presented as a sum of the two sides. Except for the trait number of implanted embryos (day 8), no differences were found between generations. As can be seen from Table 1, the high line had a significantly better performance than the control line for all traits, except number of moles at day 16 of pregnancy.
Results
Components of litter size
The potential litter size in each of the two lines is given by the ovulation rate. The high line mice had a significantly higher mean number of ovulations (Corpora lutea, Table 1 ), than the control line. When compared with the control line, selection for litter size led to an increase in the ovulation rate of 4.6 standard deviations (pooled) in the high line. During pregnancy, however, the number of potentially viable offspring was reduced in both lines. The mean number of pups born alive in the high line was significantly higher than that of the control line (Number alive, Table 1 ). For this trait, the increase in the high line versus the control line was 2.6 standard deviations (pooled). When the results from the different groups of animals were compared, the total reduction in litter size from ovulation to birth was found to be 34% in the high line and 30% in the control line.
The number of ovulated ova at day 3.5 was found to be 25.5 (^5.87) in the high line, and 10.9 (^3.32) in the control line. These numbers are smaller than both the number of corpora lutea and the number of normal fetuses at day 16 in both lines (Table 1) . When the results from the different groups of animals are compared, an estimate of the percentage eggs recovered is 78% in the high line and 67% in the control line. Figure 1 presents the losses in litter size throughout pregnancy for mice in the high line and the control line.
The losses are estimated from the least square (LS) means in Table 1 , and are thus based on measurements on different animals. From ovulation to birth, the total reduction in litter size was 34% in the high line and 31% in the control line. As a percentage of the number of ovulated ova, the losses up to day 8 of pregnancy were about 10% in both lines. The survival from day 8 to day 16 of pregnancy is no better in the high line than in the control line, but is highly reduced in the high line until day 21 (day of birth). From day 16 to day 21 the losses are 17% in the high line and 12% in the control line. The reduction in potential litter size in the high line seems to be highest in the last period of pregnancy (days 16 -21) when compared with the two previous periods (days 0 -8 and days 8 -16). These differences are not so clear in the control line. Table 2 presents LS means for the effect of line on male and female body weights adjusted for generation. As seen from the table, selection for litter size has led to a significant increase in body weight for both males and females. For the male body weight, an effect of generation was found on the traits testes weight and body weight.
Body weights
For females with observations on body weights, a model including body weight as a covariate was analysed to see whether there would still be a difference between the high line and the control line when the traits were adjusted for body weight. The results are given in Table 3 . After adjusting for body weight at mating, the high line still had a better performance than the control line for all traits, but the differences between the lines were smaller than the differences presented in Table 1 . For the testes weights, LS means for the effects of line adjusted for both generation and body weight were estimated. The results are given in Table 3 . After adjusting for body weight, the testes weight in the high line was still significantly higher than the testes weight in the control line.
No significant correlations between body weight and the female reproductive traits were found (Table 4) , but in males a positive correlation of 0.27 (P , 0.0001) between body weight and testes weight was estimated.
Discussion
Joakimsen and Baker (1977) described changes in litter size and ovulation rate as a result of selection for litter size in the early generations of the selection experiment. After 15 generations of selection, they reported an increase of 44% for the trait litter size in the high line compared with the control line. It was concluded that this increase was due to an increased ovulation rate (40%). After an additional 95 generations with continued selection for high litter size at first parity, the high line now has a mean litter size of 22 pups, which is an increase of 90% compared with the control line. The increase in litter size in the present study was also found to be due to an increase in the ovulation rate.
The number of ova at day 3.5 was found to be much smaller than both the number of corpora lutea and the number of normal fetuses at day 16. Although these numbers are based on measurements in different animals, we can conclude that not all ova have been detected by flushing the uterus at day 3.5. When the study was designed, an equal probability of recovering fertilised and unfertilised ova was assumed. However, it has been reported for a variety of animal species that the rate of transport of fertilised and unfertilised ova in the oviduct differs e.g. in the horse (Betteridge & Mitchell 1974) , hamster (Ortiz et al. 1986) and rat (Viggiano et al. 1992) , whereas in pigs no such difference has been demonstrated (Mwanza et al. 2002) . It is possible that retention of unfertilised ova, which thus escaped observation, may be the reason for the discrepancy between the recovery rate at 3.5 days post mating and the number of corpora lutea and embryos at day 16.
After 15 generations of selection, Joakimsen and Baker (1977) reported an increase in fertilisation rate of 7% compared with the control line, and a reduction of 5% in the implantation rate. No effect of selection for litter size on fertilisation rate and early embryonic survival could be found is this study. Bakker et al. (1978) and Durrant et al. (1980) reported a reduction in embryonic mortality at earlier stages of pregnancy, as a result of selection for high litter size. The reason why no, or only a small effect, of selection for litter size on early embryonic mortality could be found in the present study may be because embryonic mortality is not directly affected by limitations in the maternal environment (Knight et al. 1977) . Mortality during this first phase is also supposed to be independent of the influence from other ova/embryo (Bennett & Leymaster 1989) .
In later stages of pregnancy, embryo survival is affected by the uterine capacity of the dam (Bennett & Leymaster 1989) . In our study, a reduction in litter size of 18% from day 16 of pregnancy until the day of birth was found in the high line. In the control line, the litter size was reduced by 12% in the same period. Because of the increase in mortality during the last period of pregnancy, the embryo mortality is possibly higher in the high line than in the control line. A negative phenotypic correlation between ovulation rate and prenatal survival has been reported by several authors (reviewed by Blasco et al. 1993) , but the opposite results have also been published. Joakimsen and Baker (1977) , Bakker et al. (1978) and Durrant et al. (1980) all reported reduced embryo mortality during pregnancy as a result of selection for high litter size. The possibly increased embryonic mortality found in this study raises the question as to whether the increased late pregnancy mortality found in our study is caused by a limited uterus capacity. Also, the individual influence of litter size on pup mortality per female should be studied, to see if it is a consistent co-variation between Clutter et al. (1994) and Wiebold and Becker (1987) reported differences in the number of fetuses between the right and left side of the reproductive tract. The right reproductive tract was found to contain more fetuses than the left horn. No differences between right and left uterine horns were found for any of the traits in the present study. The duplex nature of the mouse uterus does not exist in multiparous livestock species, such as the pig. In pregnant rats differences in blood flow to the right and left uterine horn have been demonstrated. This significantly affected local placental development and may consequently affect fetal survival, i.e. favouring fetal survival in the right uterine horn (Even et al. 1994) . Since there are species differences with respect to this phenomenon, more studies are needed to evaluate possible interactions between left and right uterine horns in the mouse.
Selection for larger litter size has led to an increase in female body weight (Joakimsen & Baker 1977 , Durrant et al. 1980 , Fuente et al. 1986 , van Engelen et al. 1995 with some exceptions (Bakker et al., 1978) . An increased body weight was also found for the females in the high line in this study. Other studies from this long-term experiment have shown that weights at both 3 and 6 weeks are highly changed as a result of selection for litter size (Vangen 1999 , Holt 2001 , Rauw 2001 . Both the present study and an additional study along the same lines published by Rauw et al. (2003) reveal that the high line females produce more offspring relative to their own body weight. According to Rauw et al. (2003) , the high line females also produce more offspring at a greater cost to their own metabolism, which results in reduced pup development and increased preweaning mortality rates.
Selection for litter size has also led to an increase in the male body weight and testes weight. Rauw et al. (2000) analysed mature body weight and maturation rate in the selected line and the control line. They found that mice selected for high litter size in addition to a higher mature body weight also had a higher scaled maturation rate (maturation rate adjusted for mature size) than the control line.
Although selection for litter size has been very successful in animal laboratories, one cannot expect the same response to be obtained for other animals in a production environment. In general, there are many causes for the lack of response when selecting for fertility: natural selection working against fertility selection, genotype and environment interactions, small additive genetic variance, genetic and environmental maternal effects. Also, traits other than fertility traits are often included in the breeding objectives, and these may have unfavourable genetic correlations with fertility traits. However, as stated by Eisen (1998) : 'The laboratory animal model is positioned to make crucial contributions to our understanding of the dynamics of selection and to complement selection experiments with economic species'.
